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1. Introduction

Cereulide is an ionophore toxin produced by specific strains of

Bacillus cereus.[1] B. cereus causes two different types of food
disease: diarrheal and emetic syndrome.[2] The diarrheal form is

developed after the ingestion of food contaminated with
spores or vegetative cells able to produce enterotoxins during

vegetative growth in the small intestine. The emetic syndrome
is usually associated with the ingestion of foodstuffs contami-

nated with the preformed toxin, cereulide, produced during

the growth of bacteria in food;[3] therefore, intoxication with
cereulide could be prevented by the early detection of the

toxin in food. B. cereus can produce highly resistant structures
called endospores, which are capable of surviving to cooking

temperatures. Bacillus endospores present in foodstuffs can
rapidly germinate and produce their toxins, especially during

food chilling or food heating.[4] B. cereus is a ubiquitous agent

in nature, and their spores can be found as a natural contami-
nant in several food products, especially meats, vegetables,
and milk.[5] The emetic syndrome is generally associated with
rice or other starch-rich products such as pasta and potato-

based products.[6] The emetic toxin is a cyclic depsipeptide[7]

with the structure [d-O-Leu-d-Ala-l-O-Val-l-Val]3, which is close-

ly related to the structure of valinomycin, another naturally oc-
curring cyclic depsipeptide and potassium-cation ionophore
with the tetramer structure d-a-hydroxyisovaleryl-d-valyl-l-

lactyl-l-valyl [d-O-Hyi-d-Val-l-O-Lac-l-Val]3 (Figure 1).[8] The cer-

We report the development of new chemical probes for cereu-
lide, a toxic metabolite produced by specific strains of Bacillus
cereus, through displacement of potassium cations from a pre-

formed specific complex and a subsequent change in the fluo-
rescence emission. For this purpose, we designed fluorescent

probes for potassium cations that were suitable for displace-
ment assays with cereulide from organic extracts. The fluores-

cence detection of natural cereulide in rice samples was ach-
ieved by using synthetic cereulide as a reference and a potassi-
um fluorescent reporter, and this was found to be useful as

a portable and fast method for the in situ detection of cereu-

lide in food extracts. To study the fate of cereulide in live cells,
we designed a procedure that was suitable for live-cell micros-
copy imaging of HeLa cells by comparing the cellular location
of the potassium fluorogenic probe, which stained intracellular
endolysosomes, in the absence and presence of cereulide; we
concluded that in the presence of cereulide, the fluorescence

of the probe was decreased because of complexation of the
potassium ions by cereulide.

Figure 1. Chemical structures of cereulide and valinomycin.
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eulide toxin is usually identified by liquid chromatography and
mass spectrometry, which require dedicated facilities.[9] Cereu-

lide acts as a potassium-cation ionophore and is able to dis-
rupt the transmembrane potential in mitochondria of eukary-

otic cells ; this leads to mitochondrial degeneration and subse-
quently to cell death.[10] Owing to cereulide toxicity, rapid and

portable detection methods to screen the presence of pre-
formed toxin in foodstuffs are required to prevent the occur-
rence of food-borne outbreaks by emetic toxin.

2. Results and Discussion

Fluorescent probes are a good alternative for the detection of
toxins or chemical threats.[11] Owing to the ability of cereulide

to complex potassium cations, a suitable method for its detec-
tion from extracts of biological or food samples should be
a displacement mechanism of the potassium cation from a pre-

formed specific complex that would give rise to a change in
the fluorescence emission. Following this idea, we designed
a fluorescent probe for potassium that is suitable for displace-
ment assays with cereulide in organic solvents. Because cereu-
lide is not soluble in water, a requisite of the fluorogenic
probe is that it have good performance in organic or mixed or-

ganic–aqueous solvents. Therefore, we selected a perylenemo-
noimide as the fluorescent reporter[12] and a K+-selective phe-
nylaza[18]crown-6-lariat-ether[13] or a triazacryptand[14] as the

recognition units and bonded both moieties in every case by
Suzuki coupling (Scheme 1).

With the simpler and more accessible JG76 fluorescent

probe, we designed the fluorescence displacement assays on
the basis of Figure 2. The displacement assays were initially
performed by using commercial valinomycin instead of less-

available cereulide. In this way, the JG76 probe was weakly flu-
orescent in ethanol, but in the presence of a potassium chlo-

ride solution, a dramatic increase in the fluorescence was ob-
served owing to potassium-ion complexation. As expected, by

the addition of a valinomycin solution, the previous solution
became weakly fluorescent. The differences in fluorescence are
described in Figure 2 b.

On the other hand, probe JG103 showed very low solubility
in ethanol and a very small increase in the fluorescence in the

presence of potassium cations in all of the tested solvents;
therefore, we considered that its utility for the detection of cer-

eulide was very limited and its study was discontinued. Potassi-

um cations are usually mixed with other ions in biological sam-

ples, so we checked carefully the action of diverse cations and
anions that could interfere in the displacement assays with

JG76. With respect to alkali-metal and alkaline-earth metal cat-
ions, the JG76 probe showed a large increase in fluorescence

in the presence of potassium cations with total selectivity with
respect to commonly found physiological cations (i.e. Li+ , Na+ ,

Mg2 + , Ca2 + , and NH4
+) as well as less-common, albeit physio-

logical cations (i.e. Sr2+ , Rb+ , Cs+) but also showed a large in-
crease in fluorescence in the presence of the highly toxic Be2 +

and Ba2 + cations, which are not normally found in biological
fluids (Figure 3) except in toxicological assays, for which the

JG76 probe could be of interest.
The assays were performed by dissolving compound JG76 in

EtOH to a concentration of 50 mm and the cations in water to

a concentration of 5 mm ; then, the cation solution (10 mL) was
added to the JG76 solution (0.5 mL), and changes in the color

and fluorescence were studied. With respect to heavy-metal
cations, some acidic cations such as Sn2 + and Pb2 + showed

a high increase in fluorescence in the presence of JG76, and to
a lesser extent, some other cations, including Zn2 + , Cu2 + , Fe3 + ,

Scheme 1. Synthesis of JG76 and JG103.

Figure 2. a) Qualitative and b) quantitative fluorescence displacement assays
of JG76, potassium cations, and valinomycin.
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Sc3 + , Al3 + , Hg2 + , Au3 + , and Pd2 + , also showed an increase in
fluorescence under the same conditions (Figure 4) and in the

presence of a large excess amount of strong acids (pH<5) or
oxidants. None of the common anions [i.e. F@ , Cl@ , Br@ , I@ ,

BzO@ (Bz = benzoyl), NO3
@ , H2PO4

@ , HSO4
@ , AcO@ , CN@ , SCN@]

gave a significant change in color or fluorescence (see the Sup-
porting Information, Figure S98).

In a pH 7 buffered solution [JG76, 25 mm in EtOH/H2O (7:3
v/v), 20 mm 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid

(HEPES)] , most of the interferent cations including Fe3 + , Sn2+ ,
Be2+ , and Cu2 + (5 equiv) did not promote a change in the fluo-

rescence of JG76, but the sensitivity to K+ , Ba2 + , and Pb2 + re-
mained unchanged, and they showed a high increase in the
fluorescence of JG76; therefore, the only real interferents were

the nonphysiological Ba2 + and Pb2 + cations (Figure 5).
Job’s plot analysis, by representing XJG76(Fo@F) versus XJG76

(where XJG76 = mole fraction of JG76), afforded the stoichiome-
try of the complex, from the maximum position at XJG76 = 0.5,
as a 1:1 complex. The calculated quantum yield of the JG76
probe in ethanol is F[JG76] (EtOH) = 0.04:0.01 and for the

corresponding potassium complex, F[JG76–K+] (EtOH) =

0.17:0.01; the increase is F/F0 = 4, which is sufficient for the
experimental assays. The lifetime of JG76 in EtOH was found

to be 3.6 ns, and there was no change in the lifetime for the
potassium complex. The limit of detection for K+ , obtained by

linear regression of a titration of a 5 mm solution of JG76 in
EtOH and K+ by increasing the K+ concentration from 0.01 to

0.2 mm and by measuring the increase in the fluorescence

emission, was calculated as 0.06 mm, with a probability of false
positive and false negative lower than 5 %. The JG76–K+ com-

plex was studied by preparing a 2 mm solution of K(CF3SO3) in
EtOH and by increasing the concentration of JG76 from 0 to

10 mm without changing the concentration of K+ in solution.
The equilibrium constant (K) of the JG76–K+ complex was cal-

culated by fitting the fluorescence titration plot in ethanol by
nonlinear least-square regression; the results were compared

by performing first the titration of K+ with JG76 and then that

of JG76 with K+ , and the same results were obtained. The fit-
ting calculation of the complexation constants was repeated

three times to give log K (JG76 + K+) = 6.34:0.04. To validate
the results, Job’s plot analysis and the equilibrium constant of

the JG76–K+ complex were also studied and calculated in
benzyl alcohol, BnOH, and comparable results were obtained:

a 1:1 complex and log K (JG76–K+) = 6.11:0.03 (Figure 6). We

next checked the suitability of the system for the practical de-
tection of valinomycin by calculating the limit of detection of

valinomycin in ethanol. Therefore, 0.75 equivalents of K+

CF3SO3
@ was added to a 5 mm solution of JG76 in ethanol.

Then, the concentration of valinomycin was increased by suc-
cessive additions, and the fluorescence spectrum was regis-
tered. Regression of the titration plot of 5 mm JG76 and

3.75 mm K+ in EtOH with valinomycin by decreasing the fluo-
rescence emission gave a detection limit of 0.54 mm, with

Figure 3. Color and fluorescence assays of JG76 and alkali-metal and alka-
line-earth metal cations (1 equiv).

Figure 4. Color and fluorescence assays of JG76 and selected heavy-metal
cations (1 equiv).

Figure 5. a) Color and fluorescence assays of JG76 and selected cations in
a buffered pH 7 solution. b) Quantitative fluorescence assays of JG76 and se-
lected cations in ethanol (left) and a buffered pH 7 solution (right).

Figure 6. Fitted titration plot of a 2 mm solution of K+ and JG76 by fluores-
cence emission in EtOH and BnOH. Inset: Job’s plot of JG76 and K+ by fluo-
rescence emission in EtOH and BnOH.
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a probability of false positive and false negative lower than
5 % (see Figure S123).

The JG76 fluorescent probe was then ready for titration with
synthetic cereulide, which was prepared according to the pro-

cedure of Biesta-Peters et al.[15] The last step, consisting of the
cyclization of the linear H-(l-Val-d-O-Leu-d-Ala-l-O-Val-l-Val-d-

O-Leu-d-Ala-l-O-Val-l-Val-d-O-Leu-d-Ala-l-O-Val)-OH depsipep-
tide, is shown in Scheme 2.

Purified cereulide was checked by NMR spectroscopy and
HRMS (MALDI), and the results were identical to the reported

data of cereulide. We first checked the suitability of the system
for the practical detection of synthetic cereulide by calculating

the limit of detection of cereulide in ethanol. In an experiment
similar to that previously explained, K+CF3SO3

@ (0.75 equiv)

was added to a 5 mm solution of JG76 in ethanol. Then, the

concentration of cereulide was increased by successive addi-
tions, and the fluorescence spectrum was registered. Regres-

sion of the titration plot of 5 mm JG76 and 3.75 mm K+ in EtOH
with cereulide by decreasing the fluorescence emission gave

a detection limit of 0.21 mm, with a probability of false positive
and false negative lower than 5 % (Figure 7); in this case, the

detection limit for cereulide was lower than the value obtained

for valinomycin.

A complete description of the system was then performed
by calculating the equilibrium constants between valinomycin/

cereulide and the potassium cations in competitive equilibria
with JG76, for which we previously obtained the binding con-

stants. Equilibrium constants were first measured in EtOH solu-
tion by increasing the concentration of the probe in the pres-
ence of the analyte. We performed titrations of constant con-
centrations of 2 mm K+ and 20 mm valinomycin or cereulide

with JG76 (0 to 20 mm). In the case of valinomycin, the experi-
ment started with solutions of valinomycin (V) and potassium
cations (K) in ethanol so that the complex (VK) was produced
in the equilibrium. Upon adding the JG76 probe (abbreviated
S), it formed a complex with free K+ and created a new com-

plex (SK) and replaced the previous complex (VK). In this way,
the concentration of VK decreased, whereas the concentration

of V increased. The fluorescence intensity only depended on

JG76 and the JG76–potassium complex. To solve the equations
corresponding to the system, a possible approximation could

be done, CV@[VK]&CV, in which CV is the concentration of vali-
nomycin, and this simplification is more realistic if the initial

ratio of V/K is as high as possible. In this way, an equation to
describe the equilibria was obtained [Eqs. (1)–(5)]:

Sþ K
K 1K! KSK ð1Þ

Vþ K
K2K! KVK ð2Þ

K1 ¼
½SKA
½SA½KA ¼

½SKA
ðCS @ ½SKAÞðCK @ ½SKA @ ½VKAÞ ð3Þ

K2 ¼
½VKA
½VA½KA ¼

½VKA
ðCV @ ½VKAÞðCK @ ½SKA @ ½VKAÞ ð4Þ

½SKA ¼
CS þ CK þ 1þK2 CV

K1

0 /
@

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
CS þ CK þ 1þK2 CV

K1

0 /2@4CSCK

r
2

ð5Þ

in which CS, CK, and CV are the concentrations of JG76, K+ , and
valinomycin, respectively.

By taking into account the mass and fluorescence balances
for all equilibria and performing the tests several times with
different initial ratios of V/K (1:1, 1:0.25, and 1:0.1), the best fit-
ting of the obtained equation was found at a 1:0.1 ratio, at

which the approximation was most valid. By alternating the
concentrations of valinomycin and cereulide in several experi-
ments, fitted titration plots were obtained for both valinomy-
cin and cereulide in EtOH and BnOH (Figure 8).

From the average of the three titrations, we obtained the

following complexation equilibrium constants: log K (valinomy-
cin–K+ , EtOH) = 5.97:0.01, log K (valinomycin–K+ , BnOH) =

4.98:0.01, log K (cereulide–K+ , EtOH) = 5.99:0.01, K (cereu-

lide–K+ , BnOH) = 5.01:0.01. With the values of K2 and K1, the
concentration of [SK]eq could be determined, and with these

data the concentration of the species was calculated by using
Equations (6)–(9). With the data previously obtained, the

amounts of reagents and the proportion of the complex exist-
ing during the titration could be represented (Figure 9).

Scheme 2. Cereulide synthesis.

Figure 7. Linear regression of the titration plot of 5 mm JG76 and 3.75 mm K+

in EtOH with increasing amounts of cereulide by decreasing the fluores-
cence emission of the system.
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½SAeq ¼ CS @ ½SKAeq ð6Þ

½VKAeq ¼

CV þ CK @ ½SKAeq þ 1
K2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
CV þ CK @ ½SKAeq þ 1

K2

0 /2@4CVðCK @ ½SKAeqÞ
r

2
ð7Þ

½VAeq ¼ CV @ ½VKAeq ð8Þ

½KAeq ¼ CK @ ½SKAeq @ ½VKAeq ð9Þ

To validate the method, we calculated the binding constant
of valinomycin with potassium cations by circular dichroism

following the reported methodology.[16] Starting with a concen-
tration of 30 mm of valinomycin in EtOH, the concentration of
the potassium cations was gradually increased up to
3.75 equivalents. This concentration of valinomycin was select-

ed because of the optimal concentration to follow changes in
the dichroism signal, albeit it is too high to perform safe meas-

urements with toxic cereulide. By checking the fitting at differ-

ent wavelengths, the value of the constant appeared to be dif-
ferent depending on the value of the wavelength selected.

Within the l= 230–250 nm range (at l= 238 nm the obtained
log K = 5.82 value was similar to that previously reported), the

calculated range of values for the complexation constant was
log K(valinomycin–K+ , EtOH) = 5.8–6.0, which is compatible

with the values obtained by fluorescence assays. Therefore, the

developed methodology was validated as a means to study
the fluorescence detection of cereulide from natural samples.

To accomplish this objective, the proposed method involved
the competition between cereulide and the JG76 probe for po-

tassium. Extraction of natural cereulide was performed on cul-
tures of B. cereus F4810/72 by following the methodology de-

veloped for cooked rice,[17] which consisted of inoculation of

rice with 300 Cfu (average value found in rice dishes). Cfu was
determined at several time points, and cereulide production

was checked at several time points by MS (UPLC-TOF). We
measured the change in fluorescence in the presence of a con-

stant concentration of the probe, a constant concentration of
potassium, and an unknown concentration of the cereulide

sample (usually within the range of 0.2 to 3.5 mm in acetoni-

trile), which we titrated with synthetic cereulide. Initial acetoni-
trile extracts were evaporated, the residue was extracted into

dichloromethane/water and concentrated, and the obtained
solid was dissolved in EtOH so that the interference of water-

soluble interferents was prevented. The EtOH solution was
checked by MS (UPLC-TOF) by studying the elution time of

synthetic cereulide, and the LC–MS of the extracted cereulide
samples were measured and calibrated with synthetic cereu-
lide at different concentrations. In this way, the concentration
of the cereulide samples from rice remained between 1.2 and
1.6 mm [as determined by MS (UPLC)] . We then measured the

background fluorescence due to the matrix of the sample. We
performed a preliminary titration of the sample with JG76 to

assure that the background fluorescence was a constant value
independent of the amount of JG76 (Figure 10).

With the extracted cereulide samples we measured varia-

tions in the emission signal by subtracting the background
fluorescence of the matrix, measured before adding JG76, and

titrated the samples with synthetic cereulide in the presence
of JG76 (2 mm) and K+ (0.75 mm). With this titration we ob-

Figure 8. Fitted titration plots by fluorescence emission of 2 mm solutions of
K(CF3SO3) and a 20 mm solution of valinomycin or cereulide with JG76 in
EtOH and BnOH: a) K+ , valinomycin, and JG76 in EtOH; b) K+ , valinomycin,
and JG76 in BnOH; c) K+ , cereulide, and JG76 in EtOH; d) K+ , cereulide, and
JG76 in BnOH.

Figure 9. Concentrations in equilibrium in EtOH solution. Top) V (valinomy-
cin), VK (valinomycin–K+), K (K+), and SK (JG76–K+) in equilibrium. Bottom)
comparison of the concentrations of the complexes corresponding to valino-
mycin and cereulide and CK (cereulide–K+) in equilibrium.
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served that the first points of the rice sample titration deviated

from those of the reference due to the quantity of natural cer-

eulide present in the sample; therefore, from the initial values
of fluorescence we obtained the original concentration of nat-

ural cereulide in the sample by comparison with the reference
plot from synthetic cereulide (Figure 11). The result of repeat-

ing the test three times was (1.0:0.2) mm for rice samples

compared to the concentration of 1.2 mm obtained by mass
spectrometry. In the case of a sample spiked with 1.75 mm cer-

eulide, the result of the fluorescence titration was in accord-

ance with the expected value (Figure 12). If there was no initial
cereulide in the sample, the curves were coincident

(Figure 13).
Indeed, the measurements were more precise for the sam-

ples spiked with synthetic cereulide than for the samples con-
taining natural cereulide, which is due to the fact that natural
samples have more than one type of cereulide.[18] The exis-

tence of a mixture of natural cereulides (isocereulides) introdu-
ces some uncertainty in the experimental measurements, be-

cause their potassium-ion-complexation constants are not
known. The fluorescence detection of natural cereulide in rice

samples by using synthetic cereulide and a potassium fluores-
cent reporter is therefore a useful, portable, and fast method

for the in situ detection of cereulide by simple extraction and

fluorescence titration of the sample. In the case of positive de-

tection, the method can be complemented by standard meth-
odology involving LC–MS for more accurate analysis. Taking
into account that a LC–MS (Q-TOF) instrument is not a cheap
or portable device relative to a benchtop fluorometer, the re-

ported method may easily prevent the occurrence of food-
borne outbreaks by emetic toxin by in situ detection of

cereulide.
Another interesting aspect of cereulide detection is visualiza-

tion of the action of cereulide in live cells. For this purpose, we

performed cellular localization studies in HeLa cells (human
cervical carcinoma cells) with the JG76 fluorogenic probe.

HeLa cells, cultured under standard conditions,[19] were incu-
bated with the probe (18 mm in 1 % v/v DMSO/culture

medium). Cells were fixed with 4 % paraformaldehyde before

taking images. The nuclei of the fixed cells were stained with
Hoechst dye (bisbenzimide) before high-resolution confocal

microscopy imaging was performed. All confocal cell images
were pseudocolored (Figure 14). After exposure for 12 h, the

probe stained intracellular vesicular structures that resembled
endolysosomes (Figure 14, top). After exposure for 24 h, the

Figure 10. Comparison between ethanol and rice sample solutions upon in-
creasing the JG76 concentration. The background fluorescence was a con-
stant value of 77 au.

Figure 11. Fluorescence emission of a corrected sample versus the reference
by titration with increasing quantities of cereulide. The concentration of
JG76 was 2 mm, and the concentration of K+ was 0.75 mm. The concentration
of cereulide in the rice sample was 0.95 mm.

Figure 12. Fluorescence emission of a rice sample spiked with 1.75 mm cer-
eulide versus the reference by titration with increasing quantities of cereu-
lide. The concentration of JG76 was 2 mm, and the concentration of K+ was
0.75 mm.

Figure 13. Fluorescence emission of a rice sample with no cereulide versus
the reference by titration with increasing quantities of cereulide. The con-
centration of JG76 was 2 mm, and the concentration of K+ was 0.75 mm.
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JG76 probe displayed an endosomal-RER pattern clearly local-

ized within the cytoplasmic and endosomal membranes
(arrows) (Figure 14, middle). After 120 h of staining, the JG76
probe was also localized in the cytoplasmic membrane (green

arrow) (Figure 14, bottom). HeLa cells did not display detecta-
ble signs of toxicity if grown in the presence of the potassium-

ion JG76 fluorescent probe for up to 120 h.
Then, HeLa cells, cultured under standard conditions, were

incubated with the probe (0.1 mg mL@1) for 2 h. Samples of

cells were fixed with 4 % paraformaldehyde before images
were taken. The nuclei of the fixed cells were stained with

Hoechst dye (bisbenzimide) before high-resolution confocal
microscopy imaging was performed. All confocal cell images

were pseudocolored (excitation at l= 488 nm and emission in
the green/red/near-red region) (Figure 15). Similar to the previ-

ous experiment, the probe stained intracellular vesicular struc-

tures (Figure 15, top left). After exposure to JG76 for 2 h, the
cells were exposed to synthetic cereulide (0.2 mg mL@1) for an-

other 2 h (Figure 15, top right). After exposure to JG76 and cer-
eulide for 2 h, the near-red emission of the endosomes was di-
minished (more pink, less green in pseudocolor), and the stain-

ing of the cytoplasmic membrane also diminished. The cytosol
appeared to be more stained with the probe. At 24 h after the
addition of cereulide to the cells exposed to JG76, the cellular
viability decreased significantly and several cells appeared

wrinkled and showed membrane blebbing and cytosol vacuoli-
zation.

From the images it is clear that the initial fluorescence of

JG76, complexed with potassium ions in the potassium-rich
structures of the cells, is quenched by cereulide in HeLa cells

through potassium-ion-displacement complexation, and this
leaves only the residual fluorescence of JG76 in the mem-

branes of the cells as evidence for the action of cereulide. Even
more, morphological changes in the HeLa cells, such as the

formation of large vacuoles and membrane blebbing, as

a result of the action of cereulide with time are easily followed
by the residual fluorescence of JG76 on the membranes; this

proves the efficiency of the JG76 probe as a cereulide chemical
sensor by potassium-ion-complexation displacement. There-

fore, the JG76 fluorescent probe can be considered as a useful
tool for the visualization of cereulide in live cells and for the lo-

Figure 14. Top) Confocal microscopy projection images of the JG76 probe in
HeLa cells 12 h after staining; right) Z-lateral projection images of the loca-
tions of the stained structures inside fixed HeLa cells 12 h after staining.
Nuclei are stained with Hoechst dye (blue channel). Middle) Confocal micros-
copy projection images of the JG76 probe in HeLa cells 24 h after staining
obtained by exciting the probe sequentially with l = 488, 562, and 638 nm
lasers. Different fluorophore emissions are pseudocolored in their respective
wavelengths (green: 500–550 nm; red: 570–620 nm, purple: 662–737 nm).
Bottom) Confocal microscopy projection images of the JG76 probe in HeLa
cells 120 h after staining.

Figure 15. Top left) Confocal microscopy projection images of the JG76
probe in HeLa cells 2 h after staining obtained by exciting the probe se-
quentially with a l= 488 nm laser. Nuclei are stained with Hoechst dye (blue
channel). Top right) Confocal microscopy projection images of the JG76
probe in HeLa cells 2 h after the addition of cereulide to the previous
sample. Bottom left) Confocal microscopy projection image of the JG76
probe in HeLa cells 24 h after the addition of cereulide to the first sample
showing large dark vacuoles. Bottom right) Fluorescence microscopy image
of HeLa cells 12 h after the addition of cereulide, used as a reference. Nuclei
are stained with Hoechst dye (blue channel).
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calization of highly polar potassium-rich structures, in compari-
son to low-polarity membrane structures, from live cells.

3. Conclusions

In conclusion, we developed a fluorogenic procedure that was

able to detect cereulide, a toxic metabolite produced by spe-

cific strains of Bacillus cereus, in rice samples through displace-
ment of potassium cations from a preformed specific complex

with a subsequent change in the fluorescence emission. The
designed fluorescent probe for potassium cations was suitable

for displacement assays with cereulide from organic extracts
so that the fluorescence detection of natural cereulide in rice

samples was achieved, and this was proven to be a portable

and fast method for the in situ detection of cereulide in food
extracts. To study the fate of cereulide in live cells, we de-

signed a procedure suitable for live-cell microscopy imaging of
HeLa cells by comparing the cellular location of the potassium

fluorogenic probe, which stained intracellular vesicular struc-
tures that resembled endolysosomes, in the absence and pres-

ence of cereulide. We were able to conclude that in the pres-

ence of cereulide the fluorescence of the probe was decreased
because of complexation of the potassium ions by cereulide.

Experimental Section

Synthesis of JG76

Pd(PPh3)4 (10 mg, 5 mol %) was added to a solution of 16-[4-
bromo-2-(2-methoxyethoxy)phenyl]-1,4,7,10,13-pentaoxa-16-azacy-
clooctadecane (JG70; 100 mg, 0.16 mmol) in toluene/nBuOH
(15 mL/4 mL) under a nitrogen atmosphere in a 100 mL Schlenk
flask. Then, a solution of N-[1-(1-adamantyl)ethyl]-8-pinacolylboro-
nateperylene-3,4-dicarboxylmonoimide (JG75; 81 mg, 0.16 mmol)
in toluene/nBuOH/water (5 mL:1.5 mL:0.5 mL) was added, followed
by Na2CO3 (174 mg, 1.64 mmol), and the mixture was heated
under reflux for 24 h. The mixture was then poured into water
(100 mL), extracted with CH2Cl2 (3 V 100 mL), and worked-up, and
then the residue was purified by column chromatography (silica
gel, CH2Cl2/MeOH 92:8 v/v) to give N-[1-(1-adamantyl)ethyl]-8-[4-
(1,4,7,10,13-pentaoxa-16-azacyclooctadecan-16-yl)-3-(2-methoxye-
thoxy)phenyl]perylene-3,4-dicarboxylmonoimide (JG76; 58 mg,
40 %) as a purple solid. M.p. 135–136 8C. 1H NMR (300 MHz, CDCl3):
d= 8.53 (m, 2 H, CArH), 8.49–8.33 (m, 3 H, CArH), 8.02 (m, 1 H, CArH),
7.59–7.54 (m, 2 H, CArH), 7.25–6.91 (m, 4 H, CArH), 5.10 (q, J = 7.1 Hz,
1 H, CH), 4.23 (m, 2 H, CH2), 3.80–3.54 (m, 24 H, 12 CH2), 3.66–3.40 (s,
5 H, CH2 + CH3), 1.98 (m, 3 H, 3 CH), 1.85–1.81 (m, 3 H, 1.5 CH2),
1.73–1.62 ppm (m, 12 H, 4.5 CH2 + CH3). 13C NMR (100 MHz, CDCl3):
d= 173.7 (C=O), 165.7 (CAr), 165.0 (CAr), 136.8 (CAr), 132.6–123.2 (CAr

+ CHAr), 121.9 (CAr), 121.0 (CAr), 120.1 (CArH), 116.5 (CAr), 72.1–67.0
(CH2), 59.3–58.2 (CH + CH3), 40.5 (CH), 38.9 (CH2), 38.2 (Cq), 37.2
(CH), 34.2 (CH), 32.1–29.5 ppm (CH + CH3). IR (KBr): ñ= 2955, 2924,
2848, 1738 (C=O), 1692 (C=O), 1685 (C=O), 1651, 1590, 1571, 1506,
1457, 1384, 1354, 1248, 1122 cm@1. HRMS (MALDI): m/z : calcd for
C55H63N2O9 : 895.4528 [M++H]+ ; found: 895.4535.

Synthesis of Triazacryptand-perylenemonoimide JG103

Pd(PPh)3 (5.6 mg, 5 mol %) was added to a solution of bromotriza-
cryptand JG101 (59 mg, 0.097 mmol) dissolved in toluene/nBuOH

(10 mL:3.3 mL) under a nitrogen atmosphere in a 100 mL Schlenk
flask. Then, boronic ester JG75 (82 mg, 0.10 mmol) dissolved in tol-
uene/nBuOH (3.5 mL:1 mL) was added dropwise. Then, Na2CO3

(102.2 mg, 0.97 mmol) dissolved in water (3 mL) was added, and
the mixture was stirred under reflux for 24 h. The mixture was
poured into water (30 mL), and the product was extracted with
CH2Cl2 (3 V 100 mL). After workup, the solid residue was purified by
column chromatography (silica gel, CH2Cl2/MeOH 50:4) from which
the triazacryptand-perylenemonoimide JG103 (48 mg, 42 %) was
obtained as a purple solid. M.p. 193–195 8C. 1H NMR (300 MHz,
CDCl3): d= 8.53 (m, 2 H, CArH), 8.49–8.33 (m, 3 H, CArH), 8.02 (m, 1 H,
CArH), 7.59–7.54 (m, 2 H, CArH), 7.25–6.91 (m, 4 H, CArH), 5.10 (q, J =
7.1 Hz, 1 H, CH), 4.23–3.50 (m, 39 H, 18 CH2 + CH3), 2.26–2.20 (m,
6 H, 2 CH3), 1.98 (m, 3 H, 3 CH), 1.85–1.81 (m, 2 H, CH2), 1.73–
1.62 ppm (m, 13 H, 6 CH2 + CH3). 13C NMR (100 MHz, CDCl3): d=
165.8 (CAr), 165.1 (CAr), 153.2 (CAr), 137.3 (CAr), 132.9, 132.3, 132.2,
130.0, 129.6, 128.9, 128.5, 128.2, 127.0, 126.8, 126.7, 123.5, 122.3,
121.3, 120.4, 120.1, 114,8, 114.4, 114.2, and 110.0 (CAr + CHAr), 71.4,
71.0, 70.8, 70.5, 69.6, 68.2, and 67.3 (CH2), 59.2 (CH3), 58.2 (CH),
53.6–52.5 (CH2), 40.4 (CH), 38.2 (Cq), 37.1 (CH), 31.7, 31.1, 29.2, and
29.0 (CH + CH2), 21.3 (CH2), 14.3 and 13.3 ppm (CH3). IR (KBr): ñ=

2955, 2922, 2856, 1736 (C=O), 1696 and 1682 (C=O), 1651, 1592,
1557, 1509, 1456, 1351, 1250, 1170, 1119, 1106, 1049, 959, 812, 750,
721, 697, 667 cm@1. HRMS (ESI): m/z : calcd for C73H82N4NaO10 :
1197.5923 [M++Na]+ ; found: 1197.6001.
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